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Abstract. In this paper we investigate the effects of the asynchronism of user signals in the uplink of a spread
spectrum multi-carrier multiple access (SS-MC-MA) system. Different propagation delays due to different distances
between the mobile transmitters and their base station cause asynchronous arrivals of the uplink signals in addition
to multipath propagation. The proposed uplink SS-MC-MA scheme uses for synchronization only the frame structure
received on the synchronous downlink and requires no additional synchronization measures. A guard interval that is
smaller than the sum of the maximum time offset between the users and the maximum excess delay of the frequency
selective multipath channel is used. It minimizes the loss in bandwidth efﬁciency by allowing residual interference. The
residual interference is minimized by proper positioning of the detection interval in the receiver. It is shownthat with this
approachthe guard interval can be reduced by about 50%. The performance of the proposed uplink schemeis compared
to an uplink SS-MC-MA schemewith perfect synchronization.
1I NTRODUCTION
Future wireless mobile communication systems will
have to provide a wide range of multi-media services such
as speech, image, and data transmission with variable bit
rates. The new services have to be available in differ-
ent indoor and outdoor application environments. To meet
these requirements, it is important to consider recent de-
velopments in wireless communications, such as the appli-
cation of multi-carrier (MC) modulation [1, 2] to provide
an attractive alternative to the conventional multipleaccess
schemes FDMA, TDMA, and DS-CDMA. MC modulation
in the form of orthogonal frequency division multiplex-
ing (OFDM) has already become a key component of the
European standards for digital audio broadcasting (DAB)
and terrestrial digital video broadcasting (DVB-T). Atten-
tion has now focussed on the combination of OFDM with
CDMA, TDMA, and FDMA. Most research activity so far
has concentrated on MC-CDMA (e.g. [3, 4, 5]). Since
MC modulation based approaches require accurate time
and frequency synchronizationto avoid inter-symbolinter-
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ference (ISI) and inter-channel interference (ICI), and to
achieve highbandwidthefﬁciency, mostofthe MC-CDMA
schemes have been developed for the synchronous down-
link. It has been shown that MC-CDMA is a very promis-
ing multiple access scheme for the downlink of a mobile
radio system where it enables the deployment of efﬁcient,
low complexity receivers employing simple channel esti-
mation [3, 4, 5, 6]. However, this statement does not ap-
plytothe uplink,where more complex multi-userdetection
techniques are necessary to counteract the multiple access
interference (MAI), since in the uplink orthogonal spread-
ing codes cannot be used to reduce the MAI. For the syn-
chronous uplink, a promising scheme called spread spec-
trum multi-carrier multiple access (SS-MC-MA) has been
recently proposed [6, 7] to appropriatelyexploit the advan-
tages of MC-CDMA evident on the downlink. On a syn-
chronous uplink SS-MC-MA is an interesting alternative
to other MC multiple access schemes such as MC-FDMA,
MC-TDMA, and MC-CDMA [6, 8], as discussed in [9].
There are variouspossibilitiesto deal withthe time off-
sets between the user signalsinthe uplink. The uplinktime
offsets at the base station can be eliminated as in the GSM
system [10] by estimating the time delay between a mo-
bile transmitter and its base station, and correcting for it.
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However, the required synchronizationscheme is complex.
Anothersolutionis toinsertat each OFDM symbola guard
interval (which has to be longer than the sum of the max-
imum time offset between the user signals and the maxi-
mum excess delay of the mobile radio channel) containing
a cyclic extension. This approach, however, can result in
substantialreductionof bandwidthefﬁciency (especially in
large cells) due to the excessive length of required guard
intervals.
In this paper, we analyze the effects of user asynchro-
nism in the uplink of SS-MC-MA systems. A simple up-
linkscheme isconsidered whichsynchronizes ontheframe
structurereceived onthesynchronousdownlink. Inorderto
reduce the system complexity, no additional synchroniza-
tion measures are considered for the uplink. We propose
and investigate an approach which allows a certain amount
of ISI and ICI, but in return reduces the loss in bandwidth
efﬁciency due to the guard interval. By optimally placing
the receiver detection interval, the residual ISI and ICI are
minimized, and the complexity of a dedicated uplink syn-
chronization scheme is avoided. The residual interference
is evaluated and the resulting performance degradation is
determined by comparison with a perfectly synchronized
uplink.
The paperisorganizedasfollows. InSection2theprin-
ciple of SS-MC-MA in the uplinkis described. The loss of
synchronism in the uplink due to different signal propaga-
tiondelays is discussed inSection 3. The resultinginterfer-
ence is described mathematically in Section 4. In Section
5 we present a method to mitigate interference in the up-
link, intentionally allowed to reduce the loss of bandwidth
efﬁciency. Performance of the proposed scheme is com-
pared to a perfectly synchronized SS-MC-MA in Section
6. Finally, Section 7 summarizes the results.
2 SS-MC-MA UPLINK STRUCTURE
The SS-MC-MA system investigated in this paper ac-
commodates
K simultaneously active users in the uplink.
Itis an FDMA scheme on subcarrier level, and each user
k,
k
 
 
 
 
 
 
 
K, exclusively transmits on a set of
L subcar-
riers out of a total of
N
c subcarriers. The total number of
subcarriers is given by
N
c
 
K
L
  (1)
The block diagram of the mobile SS-MC-MA transmit-
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k is shown in Fig. 1. After channel cod-
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L
complex-valued data symbols
d
 
k
 
l ,
l
 
 
 
 
 
 
 
L
 
 ,o f
user
k are spread by multiplicationwith orthogonalWalsh-
Hadamard codes of size
L, and superimposed with each
other on
L subcarriers. The
L orthogonal spreading codes
are
c
l
 
 
c
l
 
 
 
c
l
 
 
 
 
 
 
 
c
l
 
L
 
 
 ,
l
 
 
 
 
 
 
 
L
 
 . The re-
L
1
OFDM
spreader
c
o
n
v
e
r
t
e
r c1
.
 
.
 
.
s
s
e
r
i
a
l
-
t
o
-
p
a
r
a
l
l
e
l
+
spreader
cL
.
 
.
 
.
(k)
c
o
n
v
e
r
t
e
r
s
e
r
i
a
l
-
t
o
-
p
a
r
a
l
l
e
l
symbol-
mapper
inter-
leaver
channel
encoder
data source
of user k
with
frequency
user specific
mapper
c
h
a
n
n
e
l
Figure 1: SS-MC-MA transmitter
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Variables which can be interpreted as values in the fre-
quency domain, like the elements
S
 
k
 
j ,
j
 
 
 
 
 
 
 
L
 
 ,
each modulating another subcarrier frequency, are written
with capital letters. The elements
S
 
k
 
j ,
j
 
 
 
 
 
 
 
L
 
 ,
modulate in parallel the subcarriers assigned to user
k.I n
order to optimally exploit the frequency diversity offered
bythemobileradiochannel, thesubcarriersassignedtodif-
ferent users are interleaved so that thesubcarriers used bya
given user are spaced by
K
 
T
s. Thissubcarrier assignment
is referred to as user speciﬁc frequency mapping [6, 7]. To
achieve MC modulation/demodulation the OFDM opera-
tionisapplied. ItisefﬁcientlyimplementedwithIFFT/FFT
algorithms [1]. A block of
N
c subcarriers modulated by
one set of
s
 
k
 ,
k
 
 
 
 
 
 
 
K, is referred to as an OFDM
symbolof duration
T
s. Accordingtothe OFDM principles,
the
N
c substreams modulate subcarriers with a spacing of
 
 
T
s. Possible ISI and ICI can be mitigated by inserting
a guard interval of duration
T
g between successive OFDM
symbols [2, 11]. The guard interval is occupied by a cyclic
preﬁx, resultinginthe extended OFDM symbolof duration
T
 
s
 
T
g
 
T
s.
The block diagram of the SS-MC-MA receiver, located
at the base station, is shown in Fig. 2. After MC demodu-
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Figure 2: SS-MC-MA receiver
lationwiththe inverse OFDM operationand deinterleaving
(i.e., user speciﬁc frequency demapping), the demodulated
sequence
r
 
k
 
 
 
R
 
k
 
 
 
R
 
k
 
 
 
 
 
 
 
R
 
k
 
L
 
 
  is obtained. Any
conventional, iterative, orjointdetectiontechnique suitable
for MC-CDMA can be applied for data detection. Joint de-
tection for SS-MC-MA means that
L data symbols of one
user are jointly detected. We consider a maximum likeli-
hood detector for the detection of the data of user
k. After
symbol demapping, code bit deinterleaving, and channel
decoding, the detected source bits of user
k are obtained.
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3A SYNCHRONISM IN THE UPLINK
We consider the uplink of a single cell system. A low-
complexity synchronization approach is used in which the
users synchronize on the frame structure received on the
synchronous downlink. In the uplink, signiﬁcant time off-
sets between the signals arriving at the base station occur
due to different propagation distances between the mobile
stationsand the base station. The maximum time offset be-
tween signals from different users within a cell arriving at
the base station is
 
m
a
x
 
 
R
c
  (3)
where
R
y isthe radius ofthe cell and
c is the speed of light.
The factor 2 results from the summation of the propagation
delays in the downlink and the uplink. The delays of the
signalsofthe
K usersduetothepropagationdistancetothe
base station are
 
 
k
 
 
 
 
 
 
m
a
x
 ,
k
 
 
 
 
 
 
 
K. With the
assumption of uniform surface distributionof users within
the cell, the resulting linear probabilitydensity function of
the signal delays at the base station is
p
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x
i
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  (4)
As expected, long delays from users at the cell boundary
occur most often. Without compensation of different prop-
agation delays of the signals in the uplink and an insufﬁ-
cient guard interval, the user synchronism is lost and inter-
ference results, which can signiﬁcantly deteriorate the per-
formance of an OFDM system. In the following sections,
the resulting interference is described and evaluated.
4I NTER-SYMBOL AND INTER-CHANNEL
INTERFERENCE
In this section we present a general description of ISI
and ICI in an asynchronous multi-carrier link. We assign
each subchannel
n its own delay
 
n,
n
 
 
 
 
 
 
 
N
c
 
 .
The delays on subcarriers assigned to the same user are de-
termined by the location of the user, and are the same. One
arbitrary symbol
S
n
 
i is transmitted per subcarrier in one
OFDM symbol. The index
n is the subchannel index and
i is the OFDM symbol index (discrete time). The sym-
bols
S
n
 
i are equivalent to
S
 
k
 
j with their dependence on
discrete time explicitly shown. In the sequel, the notation
S
n
 
i is preferred to describe the ISI and ICI for the sake
of clarity. There are
N
c orthogonal subcarrier frequencies
f
n, separated from each other by
 
 
T
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nth orthogonal
basis function is deﬁned as
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yWhen the cells are not circular,
R is the maximum distance between
the base station and a mobile user belongingto a given cell.
and the signal transmitted on subcarrier
n is given in time
domain by
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Considering multipath propagation with
N
p paths, the im-
pulse response of the wideband mobile radio channel asso-
ciated with the
nth subcarrier is given by
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where
 
n
 
p is the complex-valued attenuation. The delay
 
n
 
p represents the excess delay of the
pth path of subchan-
nel
n. The transmission bandwidth,
 
 
T
s, used by the
nth
subchannel is small compared to the coherence bandwidth
of the mobile radio channel associated with the
nth subcar-
rier and described by
h
n
 
t
 . Therefore, fading on the
nth
subchannel of bandwidth
 
 
T
s is ﬂat [12]. For the sake of
generality, an impulse response
h
n
 
t
  is deﬁned for each
subchannel. For simplicity it is assumed that all channel
impulse responses
h
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number of paths
N
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the maximum excess delay of any subchannel.
The received signal
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  is the sum of the convolutions
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where the symbol
  denotes convolution. The demodula-
tionof subcarrier
m inthe receiver involvesa simple corre-
lation with
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duration
T
s, i.e.,
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The symbol
 
 
 
  denotes complex conjugation. The com-
ponent
N
m
 
i corresponds to the additive noise component
n
 
t
  after demodulation. The output
Y
m
 
i ofthe demodula-
tor is the noise-free decision variable that includes ISI and
ICI.
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The average signal-to-interference power ratio (SIR) on
subcarrier
m is
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where
P
s is the power of the desired component and
P
I
C
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P
I
S
I is the interference power. With the assump-
tion that the average received power on all subcarriers is
the same due to power control and, furthermore, that the
transmitted data symbols are statistically independent, the
average SIR on subcarrier
m is
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g is the expectation.
5I NTERFERENCE MITIGATION
Two detection concepts differing in the choice of the
position of the detection interval in the receiver are inves-
tigated. The SS-MC-MA uplink scheme which minimizes
the residual interference is referred to as Concept I. In the
design referred to as Concept II each user minimizes the
interference originatingfrom its own set of subcarriers, but
it does not attempt to minimize the interference from other
asynchronous users. In other words, in Concept II each
user optimizes its detection interval with respect to its own
multipath channel.
For an SS-MC-MA mobile radio system with channel
estimation as described in [6, 7], the assumption can be
made that the base station has the knowledge about the ar-
rival time
 
 
k
  of each user. To obtain
 
 
k
  simply a corre-
lation of the received signal with the known pilot symbol
grid on the subcarriers exclusively used by a given user has
to be performed. Moreover, we assume to know the max-
imum excess delay
 
m
a
x on the radio channels used. A
given value of
 
m
a
x can be assumed in the uplink design,
or itsactual valuecan be obtainedfromchannel estimation.
The subset of subcarriers exclusively assigned in SS-
MC-MA to user
k is denoted as
A
 
k
 . When all subcarriers
are in use, we obtain
N
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K
X
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j
j
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j
j
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where
j
j
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j
j is the number of elements in subset
A
 
k
 .
5.1 CONCEPT I
In order to keep the loss in bandwidth efﬁciency due to
the insertion of guard intervals at a tolerable level, we con-
sider an uplinkscheme which allows ISI and ICI by choos-
ing
T
g
 
 
m
a
x, i.e., we use a short guard interval. At the
same time the detection interval in the receiver is chosen
such that the residual interference is minimized. Principle
features of the Concept I are illustrated in Fig. 3. To cal-
culate the SIR for Concept I according to (15) and using
(12) and (13), a new time delay variable has to be deﬁned.
Signals arriving earlier compared to the detection interval
have to be transformed to the case with a delayed arrival
since (12) and (13) are only valid for delays
 
n
 
p
 
 , i.e.,
notforearlier arrivingsignals. The new timedelay variable
 
n
 
p is deﬁned as
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where
 
 
T
g is the beginning of the integration interval
for demodulation (of duration
T
s), which is the same for
all users. The time shift
  can take on values in the inter-
val
 
 
 
 
m
a
x
 
T
g
 . The case
 
n
 
p
 
  in (17) describes
the situation where the signal on subcarrier
n is delayed
compared to the detection interval. The operation
 
n
 
p
 
 
shifts the zero of the time axis such that (12) and (13) can
be applied. The case
 
n
 
p
 
 in(17)is validwhenthesig-
nalonsubcarrier
n arrivesearlier compared tothedetection
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Figure 3: Principle of interferencemitigation with Concept I and
Concept II.
interval. The operation
 
 
 
n
 
p inverts the earlier arrivals
to delays such that (12) and (13) can be applied. The ad-
ditional shift of
T
g is necessary since interference occurs
always withearlier arrived signals and no advantage can be
gained from the guard interval, i.e., only the second case
in (12) and (13) is possible. The transformation of earlier
arrivalstodelays is validsince the interference poweris the
same due to symmetry. With Concept I and the new time
delay variable
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p the SIR is given by
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Through (17) the SIR depends on the parameter
 . To op-
timally choose
 , the probabilitydensity function
p
 
 
 
  of
the totaldelay
 
n
 
p,
n
 
 
 
 
 
 
 
N
c
 
 ,
p
 
 
 
 
 
 
 
N
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 ,
has to be considered. The probability density function
p
 
 
 
  is obtained by convolution of the probability density
function
p
 
 
 
 
k
 
 , see (4), and the probabilitydensityfunc-
tion
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  of the multipath propagationdelay
p
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  (19)
Given (4) and a
p
 
 
 
  as an exponentially or linearly
decreasing function with maximum excess delay
 
m
a
x,
the probability density function
p
 
 
 
  can be approx-
imated by a linearly increasing function in the inter-
val
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x and linearly decreasing in the interval
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x, and 0 otherwise (see Fig. 3).
The interference which is not absorbed by the guard in-
terval is minimized by choosing
  as
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given the approximation of
p
 
 
 
  by a triangle. Numeri-
cal evaluations of
  with the exact
p
 
 
 
  showed that the
approximation used in this paper resulting in the analyti-
cal solution(20)is sufﬁcientlyaccurate. Withoutmultipath
propagation, the integration interval for demodulation of
the data of all users starts at the time instant
 
m
a
x. In that
case, all interference occurring from users with delays in
the interval
 
 
m
a
x
 
T
g
 
 
m
a
x
  is cancelled out. Thus, ICI
is minimized due tothe linearlyincreasing characteristic of
(4).
For Concept I we can deﬁne the worst case user as the
user which is next to the base station and has a delay of
 
 
k
 
 
 
 s. Due to the ﬁxed detection interval starting at
 
 
T
g, the worstcase userinadditiontothe ICIfrom other
users suffers from the maximum possible ISI.
5.2 CONCEPT II
Concept II is the straightforward solution, where the
integration interval for demodulation of the data of user
k
starts at the time instant
 
 
k
 
 
T
g. The integrationinterval
can thus be different for each user in order to minimize the
interference originatingfrom its own subset of subcarriers.
Hence, this approach does not take into account the prob-
ability density function
p
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  of the delays and, thus, of
the interference from other asynchronous users. For Con-
cept II the SIR given by (18) reduces to
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when
T
g
 
 
m
a
x, since as long as
T
g
 
 
m
a
x, this ap-
proach avoids ISI, even if
T
g
 
 
m
a
x. Principle features of
the Concept II are illustrated in Fig. 3.
For Concept II we can deﬁne the worst case user as
the user with maximum distance
R to the base station and
a maximum delay of
 
 
k
 
 
 
m
a
x. Thus, each user with
 
 
k
 
 
 
m
a
x interferes with the desired user, and the guard
interval gives no advantage.
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6S IMULATION RESULTS
The asynchronous uplinkis investigated for two differ-
ent SS-MC-MA mobile radio systems. System A is de-
signed for medium size cells with a radius of about 2 km,
typical for future outdoor cellular mobile radio systems.
System B is designed for high data rate indoor and micro-
cellular outdoor applications with cell radius up to 250 m.
Table 1 gives the parameters of both systems.
Table 1: Parametersof the SS-MC-MA systems
System A System B
environment outdoor indoor
cell radius
R 2k m 250 m
max. delay
 
m
a
x 13.33
 s 1.67
 s
bandwidth
B 2 MHz 20 MHz
num. of subcar.
N
c 256 2048
OFDM sym. dur.
T
s 128
 s 102.4
 s
guard duration
T
g 15
 s 1
 s
user capacity
K
s
y
s 128 1536
net bit rate
R
b 0.0112 to 1.4 Mbit/s 0.0103 to 15.8 Mbit/s
carrier frequency
f
c 2 GHz
spreadingcode Walsh-Hadamard code of length
L
￿
￿
symbol mapping QPSK
channelcode convolutionalcode of rate 1/2 and memory 6
The cell radius
R and the guard intervalduration
T
g are
varied in later ﬁgures to demonstrate the effect of cell size
on performance. The channel estimation is assumed to be
perfect. However, in the calculation of the net bit rate per
user a 20% loss due to pilot symbols is taken into account.
Both systems use a TDMA frame structure where
N
f
r is
the number of time slots per TDMA frame, explained in
detail in [6, 7]. The duration of one TDMA frame is about
18 ms. In System A one time slot contains 31 OFDM sym-
bols, and
N
f
r
 
 time slots form a TDMA frame. In
System B one time slot contains 29 OFDM symbols, and
one TDMA frame has
N
f
r
 
 time slots. The difference
inthenumberoftime slotsbetween System Aand Bresults
from different OFDM symbol times,
T
s, and guard times,
T
g, for the two systems. The user capacity of the system is
K
s
y
s
 
N
f
r
K
  (22)
The total bitrate is the bandwidth
B times 2 for QPSK and
divided by 2 due to the 1/2 channel code rate. Moreover,
the 20% loss due to pilot symbols and the loss due to the
guard interval have to be taken into account. The net bit
rate per user
R
b is obtained by dividing the total bit rate
by
K
s
y
s which results in 11.2 kbit/sfor System A and 10.3
kbit/sfor System B. It is possible to assign to one user sev-
eral or all transmission links, such that a net bit rate up to
1.4 Mbit/s for System A, and 15.8 Mbit/s for system B is
obtained.
The mobile radio channel models are taken from [13].
For System A the 'Outdoor Residential -High Antenna'
(Channel B) channel model with maximum excess delay
 
m
a
x
 
 
 
 s is chosen. Velocity of the mobile user in
System A is 30 km/h, resulting in the maximum Doppler
frequency of 55.56 Hz, and the classical Doppler spectrum
is assumed [13, 14]. For System B the 'Indoor Commer-
cial' (Channel B) channel model with maximum excess
delay
 
m
a
x = 750 ns is used. In this case the velocity
of the mobile user is 3 km/h, the resulting Doppler fre-
quency is 5.56 Hz, and the ﬂat Doppler spectrum is as-
sumed [13]. Thus, System A results in the maximum delay
of
 
m
a
x
 
 
 
 
 
 
 s, and System B of
 
m
a
x
 
 
 
 
 
 s.
The results shown in the following are obtained through
MonteCarlosimulations. Ithastobementionedthatforthe
case of an additive white Gaussian noise (AWGN) chan-
nel or a ﬂat Rayleigh fading channel analytical solutions
exist to evaluate the uplink performance of asynchronous
SS-MC-MA. All simulation results shown in the follow-
ing are for the most critical case of a fully loaded system.
Moreover, the signal-to-noise ratio (SNR) degradation due
to the guard interval and pilot symbols (20%) is taken into
account in the presented results.
In Figs. 4 and 5 the SIR versus the guard time
T
g is
depictedforSystemAandSystemB, respectively. The SIR
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Figure 4: SIR forSystemAfor differentcell sizes(worstcaseuser,
fully loaded system).
is shownwithinterference mitigationaccording toConcept
Iand ConceptIIfordifferentcellsizes. The worstcase user
ofConceptI andConceptIIisconsidered. Itisobviousthat
onlyConceptIisable todeal withtheinterferencesince the
straightforward solution of Concept II does not take into
account interference from asynchronous users.
TheBERversustheSNR(
E
b
 
N
 )fortheuncodedSys-
tem A is shown in Fig. 6, and for the uncoded System B in
Fig. 7. The results are presented for the interference miti-
gation Concept I and Concept II, with the perfect synchro-
nization case (no ISI, no ICI) as a reference. For System
A with cell radius
R
 
 km, even for the worst case user
considered for Concept I, the degradation compared to the
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Figure 5: SIRfor SystemB fordifferent cellsizes(worstcaseuser,
fully loaded system).
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Figure 6: BER performanceof the uncodedSystem A (worst case
user, fully loaded system).
579 1 1 1 3 1 5 1 7
Eb/N0 in dB
10
−4
10
−3
10
−2
10
−1
B
E
R
no ISI, no ICI
Concept I, R=250m
Concept I, R=500m
Concept II, R=250m
Concept II, R=500m
Figure 7: BER performanceof the uncodedSystem B (worst case
user, fully loaded system).
perfect synchronization case is less than 1 dB between the
BERs of
 
 
 
  to
 
 
 
 . Thus, for System A with Concept
I the guard interval can be reduced by about 50% of
 
m
a
x.
For System B the reduction of the guard time compared to
 
m
a
x can be even higher.
Finally, Fig. 8 presents the BER versus the SNR for
a coded SS-MC-MA system (System A). This time only
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Figure 8: BER performance of System A with channel coding
(rate 1/2 code,worst case user, fully loaded system).
Concept I is considered. For the worst case user the degra-
dation is about 0.5 dB at a BER of
 
 
 
  and cell radius
R
 
 km.
7C ONCLUSIONS
In this paper we have investigated the uplink perfor-
mance of an asynchronous spread spectrum multi-carrier
multiple access (SS-MC-MA) system. A simple uplink
scheme is proposed which synchronizes only on the frame
structure received in the synchronous downlink. By allow-
ing residual interference, the guard interval can be reduced
to a value ensuring high bandwidth efﬁciency of the sys-
tem. Simulation results have been obtained for various un-
coded and coded SS-MC-MAsystems in mobileradiocells
of various sizes. These results are compared to a perfectly
synchronized SS-MC-MA system. By proper positioning
of the detection interval, the otherwise necessary guard in-
terval can be reduced by about 50%, resulting in increased
bandwidth efﬁciency and only moderate SNR degradation
on the order of 0.5 dB.
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